Abstract: A cDNA library of the ectomycorrhizal (ECM) fungus Pisolithus tinctorius Pt2 after interaction with the mycorrhiza helper bacterium (MHB) Brevibacillus reuszeri MPt17 was constructed by suppression subtraction hybridization. Total RNA from B. reuszeri MPt17 exudates treated Pi. tinctorius Pt2 was used as a "tester" and total RNA from nonbacterial treated Pi. tinctorius Pt2 was used as a "driver." Among the differentially expressed sequences, a BLASTX in the NCBI non-redundant protein sequence database revealed that 75% of the non-redundant sequences (147 out of 196) were highly similar to known proteins (E-value < e −5 ). Twelve sequences were annotated as mycelium development function combining with a potential functional categories using gene ontology. Quantitative real-time PCR analysis showed that all of the 3 symbiosis regulated acidic polypeptide genes were all up-regulated in the MPt17-treated Pt2. These results provide evidence that the MHB B. reuszeri MPt17 could significantly change the expression of symbiosis-related genes and genes in mycelium development in ECM fungus, and also support the hypothesis that the MHB functions as helper though promotion on fungal mycelium.
Introduction
In nature, mycorrhizae are widespread symbiotic associations, involving soil fungi and roots of most tree species in forests (Francis & Read 1995) . The functional basis of mycorrhizal symbiosis is the exchange of fungusderived mineral nutrients with plant-derived carbohydrates (Smith & Read 2008) . In soil, mycorrhizal fungi are usually surrounded by complex microbial communities, which regulate the mycorrhizal symbiosis and plant normal growth ). The exact nature of interspecies interactions among plant, mycorrhizal fungi, and mycorrhizosphere bacteria is complex (Bonfante & Anca 2009) .
Mycorrhiza helper bacteria (MHB) are soil borne, directly involved in mycorrhiza formation and able to promote mycorrhizal development (Duponnois & Garbaye 1991; Garbaye 1994) . These bacteria have beneficial effects on mycorrhizal symbionts and plant growth (Wu et al. 2012) . Previous studies have shown that many different species of MHB, such as Arthrobacter sp., Bacillus subtilis and Pseudomonas fluorescens have been visualized inside mycorrhizae and have colonized on soil fungal hyphae (Rozycki et al. 1994; NurmiahoLassila et al. 1997) . Using Pinus sylvestris-Lactarius rufus symbiosis, Poole et al. (2001) showed that two Paenibacillus isolates, two Burkholderia isolates, and a Rhodococcus sp. could associate with P. sylvestris-L. rufus ectomycorrhiza and stimulate the mycorrhiza formation in vitro. Another study found that Streptomyces AcH 505 could promote the mycelial growth of ectomycorrhizal (ECM) fungus Amanita muscaria and triggered the differential genes expression of A. muscaria (Schrey et al. 2005) . Kataoka et al. (2009) screened and obtained a MHB, Ralstonia sp., which promoted ectomycorrhizal symbiosis between Pinus thunbergii and Suillus granulatus. These studies have shown that the MHB are an essential component of the soil beneficial bacteria in plant rhizosphere and play important roles in mycorrhiza formation and especially for ECM formation.
Since the concept of MHB was proposed, four main hypotheses on the mechanism of MHB effect have been proposed by Frey-Klett et al. (2007) : induction of fun-gal spore germination, stimulation of fungal mycelial growth, reduction of soil-mediated stress to improved soil conduciveness, and increased branching of the root system and promoted colonization. Many studies have focused on the physiological aspects of mycorrhizal interactions between plant root systems and fungi. The mechanisms of MHB stimulating mycorrhiza formation, however, still remain unclear (Deveau et al. 2007; Cusano et al. 2011) . Especially, the molecular mechanisms of the interaction between MHB and mycorrhiza fungi are poorly understood.
Suppression subtractive hybridization (SSH) is a powerful technique that has become popular in recent years (Diatchenko et al. 1996) . SSH combines the selectivity of subtractive hybridization with the sensitivity of PCR. One of the main advantages is the detection of low-abundance differentially expressed transcripts (Birch & Kamoun 2000) . The technology has been widely used in gene differential expression of filamentous fungi (Harms et al. 2002; Hildebrandt et al. 2006; Bernardo et al. 2007; Murat et al. 2011 ). However, SSH was only used in ECM fungus A. muscaria with MHB Streptomyces AcH 505 to study gene expression (Schrey et al. 2005) .
Pisolithus tinctorius (Pers.) Cocker & Couch is an ECM fungus and has a wide geographical distribution. It could form ectomycorrhiza with wide range of forest tree species, such as Pinus, Eucalyptus, Quercus and Betula (Marx 1977; Burgess et al. 1994) . Pi. tinctorius has become a model organism to study ectomycorrhiza associations (Anderson et al. 1998) . The interactions of ectomycorrhizae with soil beneficial bacteria in plant rhizosphere, however, still remains unclear. In our previous study, the MHBBrevibacillus reuszeri MPt17 was isolated from the mycorrhizosphere of Pinus massoniana (Lamb.)-Pi. tinctorius; the bacterium could significantly promote the ectomycorrhiza formation between Pinus massoniana and Pi. tinctorius through potted experiment in greenhouse (Li 2012) . In the present study, we analyzed the effect of the MHB B. reuszeri MPt17 on the mycelium growth of the ECM fungus Pi. tinctorius Pt2 in vitro and the genes differentially expressed in Pi. tinctorius Pt2 challenged with the MHB B. reuszeri MPt17. The aim of the study was to elucidate the molecular mechanisms on how MHB function as mycorrhiza helper. The study might provide reference for the explanation of mechanisms on MHB-mycorrhiza interaction.
Material and methods

ECM fungus and MHB strain
The ECM fungus Pi. tinctorius Pt2 used in this study was isolated from a mixed forest with P. massoniana and broadleave trees in Yunnan Province, China. It was deposited in Forest Pathology Laboratory of Nanjing Forestry University, China. The fungus was maintained on modified Melin-
The MHB strain B. reuszeri MPt17 with an efficient mycorrhiza helper effect was isolated from a 30-year-old P. massoniana forest in Jiangsu Academy of Forestry, China (Li 2012) . It was deposited in China Center for Type Culture Collection (CCTCC NO: M 2011433). The MHB strain MPt17 was frozen in 10% tryptic soy broth (TSB) medium (tryptone -3 g/L, peptone -5 g/L, NaCl -5 g/L) with 25% glycerol at -80
Suspension culture experiments
The MHB B. reuszeri MPt17 was activated and cultivated on 10% tryptic soy agar plates at 28
• C for 48 h. Then, a loop of bacterial cells was inoculated in 50 mL TSB medium and cultivated at 28
• C for 72 h on a rotary shaker at 160 rpm until the OD 600nm of 1.6 was reached (∼2×10 8 colony forming units per mL). The exudates of B. reuszeri MPt17 were collected by filtering the bacterial suspension through a 0.22 µm filter. ECM fungus Pi. tinctorius Pt2 was subcultured on MMN agar plate at 25
• C in the dark for 21 days.
For dual culture, three hyphal plugs of Pi. tinctorius Pt2 (7 mm in diameter each) were transferred from actively growing hyphae to a flask with 50 mL of modified MMN liquid medium supplemented with 1 mL exudates of B. reuszeri MPt17. The suspension was incubated at 25
• C for 14 days on a rotary shaker at 160 rpm. Hyphal plugs supplemented with 10% TSB medium served as control. Ten biological replicates were prepared. After incubation, the mycelia of ECM fungus Pi. tinctorius Pt2 were collected by a suction filter and 4 of them were immediately frozen in liquid nitrogen and stored at -80
• C for further process. The mycelium from each remaining 6 replicates was dried to a constant weight in an oven at 60
• C for 48 h and then weighted (Sheng et al. 2010) .
RNA isolation and cDNA preparation Total RNA of Pi. tinctorius Pt2 was isolated from the frozen mycelium following the manufacture's protocol by using RNAprep pure plant kit (Tiangen, Beijing, China). The concentration of RNA was determined by the Nanodrop ND-1000 (Nanodrop Technologies, Wilmington, DE, USA) and the RNA sample was run in 1.2% agarose gel to check RNA integrity (Sambrook & Russell 2001) . RNA isolated from each of the four Pi. tinctorius Pt2 mycelia cultured with the exudates of B. reuszeri MPt17 were pooled together and RNA isolated from each of the four Pt2 mycelia cultured with 10% TSB medium were pooled together as well. RNA samples were stored at -80
Starting from total RNA, cDNA synthesis and amplification for both samples were carried out with the SMART PCR cDNA amplification procedure (Super SMART TM PCR cDNA Synthesis Kit, Clontech, Palo Alto, CA). One mg of total RNA from each pooled group was reverse transcribed in a total volume of 10 µL with two primers (3' SMART CDS Primer II A and SMART II A Oligonucleotide) and SMARTScribe Reverse Transcriptase was used to produce first-strand cDNA. The resulting cDNA pools were diluted to 50 mL in Tris-EDTA buffer (10 mM Tris pH 8.0, 1 mM EDTA). Double-stranded cDNA was obtained via PCR amplification with 5' PCR Primer II A using Advantage 2 Polymerase Mix (Clontech Laboratories, Inc., Mountain View, CA, USA). An aliquote (30 µL) of the PCR reactions was analyzed by agarose gel electrophoresis at 15, 18, 21, 24 and 27 cycles to optimize the number of PCR cycles. PCR products were purified using the 
Construction and sequencing of subtractive cDNA library Subtracted libraries were constructed by SSH with the PCRSelect cDNA Subtraction Kit (Clontech, Palo Alto, CA). The adaptor was connected and the ligation efficiency was estimated after the products were digested by Rsa I enzyme and purified. Double-stranded cDNA of the mycelial pellets supplemented with the exudates of MHB B. reuszeri MPt17 was used as tester and double-stranded cDNA of the mycelial pellets supplemented with 10% TSB medium was used as driver, respectively. Each of them was hybridized twice at 68
• C for 8 h and 16 h, respectively. The specific amplification of subtractive cDNA was obtained by double inhibitory PCR. Product of the second inhibitory PCR was purified using the AxyPrep TM PCR Cleanup Kit (AXYGEN Biotechnology, Hangzhou, China).
The differentially expressed cDNAs between tester and driver samples were ligated into the pMD 19-T cloning vector (TaKaRa, Dalian, China) and transformed into the Escherichia coli JM109 competent cells. Positive clones were selected by the white-blue colony. Cloning efficiency was evaluated with PCR amplification of bacterial colonies by using universal M13 forward and reverse primers. Quality of the PCR inserts was checked on a 1.5% agarose gel. Random colonies were picked and sequenced using ABI 3730 automated sequencers (Applied Biosystems, USA) at Huada Gene Company (Beijing, China).
Sequence assembly and the identification of differentially expressed genes Sequence reads were aligned and assembled using DNAStar SeqMan software (DNASTAR Inc., USA). All the sequences including contigs and singlets were annotated by webbased comparisons to the non-redundant protein database of the NCBI (http://www.ncbi.nlm.nih.gov/) using translated blast searches (BLASTX) with an E-value < 10 −5 (Altschul et al. 1990 ). The functional category of each unique expressed sequence tag (EST) was assigned using gene ontology (GO) annotation http://www.geneontology.org/). All of the contigs and singlets were named with the prefix "PtBrS"; the prefix meant the sequences came from the Pi.tinctorius-B. reuszeri SSH library.
Quantitative real-time PCR (qRT-PCR) analysis qRT-PCR was performed to validate the Pi. tinctorius Pt2-responsive genes during the interaction with MHB B. reuszeri MPt17, including 12 genes with mycelium development function and 3 with hypothetical symbiosisrelated function genes. The primer pair Pt-18s-F (5'-GACCTGTGCGTTTCGTCT-3') / Pt-18s-R (5'-ATTCG CTGCGTTCTTCAT-3') targeted Pi. tinctorius 18S rRNA gene, which expressed almost no difference in the two treatments of the Pt2, was used as internal control gene (Diaz et al. 1997) . The primer pairs (Table 1) used for qRT-PCR were designed using Primer Premier 5.0 software (PRE-MIER Biosoft International, CA, USA).
cDNA was synthesized from 500 ng total RNA using PrimeScript RT reagent Kit (Perfect Real Time) (TaKaRa, Dalian, China). Reverse transcription was performed at 37
• C for 15 min. qRT-PCR amplification was performed using SYBR Premix Ex Taq TM kit (TaKaRa, Dalian, China) on an Applied Biosystems 7500 Real-Time PCR System (ABI, Carlsbad, CA, USA). The qRT-PCR amplification was carried out at 95 performed after each PCR run to ensure that a single PCR product had been amplified. Each sample had triplicate in the qRT-PCR reaction. For data analysis, the geometric mean of the three biological replicates for each amplicon was calculated. The fold differences were calculated using the ∆∆Ct method (Livak & Schmittgen 2001) .
Results
Effects of B. reuszeri MPt17 exudates on fungal growth
The growth of the tested ECM fungus Pi. tinctorius Pt2 was promoted significantly (P < 0.05) by exudates of the MHB B. reuszeri MPt17. The dry weight of Pt2 mycelia growing with MPt17 exudates increased by 16.8% (Fig. 1) .
RNA quality and optimization of cDNA amplification cycles The quality of total RNA was important for the synthesis of SMARTer cDNA. The value of OD260/OD280 which estimated by UV spectrophotometer was 1.9. It suggested that there is nearly no protein, phenol and polysaccharose contamination and no degradation exists through 1% agarose gel electrophoresis. The 28S:18S ratio for total RNA was approximately 2:1. The results suggested that the purity and integrity of total RNA meet the requirement of the SSH experiment. The PCR products of SMARTer cDNA were mainly distributed between 0.7 and 2.0 kb. The PCR products of optimizing the number of PCR cycles reached its plateau after 15 cycles for "Driver" cDNA and 15 cycles for "Tester" cDNA which stopped increasing with more cycles. Therefore, the optimal number of cycles was determined to be 15 for both "Driver" and "Tester" cDNA as outlined in the Super SMART TM PCR cDNA Synthesis Kit User Manual (Clontech, Palo Alto, CA).
Construction of SSH library and cDNA library fragment analysis
The SSH analysis to mining fungal genes differentially expressed was carried out, i.e. the genes that are related to the induction of growth of Pi. tinctorius Pt2 hyphae through exudates of MHB B. reuszeri MPt17. Four hundred and twenty four out of 450 gene clones were positive clones by 1.5% agarose gel electrophoresis analysis. The average size of insert fragment was about 500 bp ranging from 300 to 1,200 bp. The results were in line with the expected library building.
Differentially expressed genes in Pi. tinctorius Pt2 suspension culture A total of 420 differentially expressed clones were sequenced. The sequences shorter than 100 bp were discarded. Then, the sequences were assembled into 196 sequences (81 contigs and 115 singlets) using DNAStar SeqMan software. BLASTX showed that 75% of the sequences (147 out of 196) were highly similar to known proteins in the NCBI non-redundant protein sequence database (E-value < e −5 ). The most abundant ESTs exhibiting the best database match determined by BLASTX in the SSH library were those encoding carboxylesterase, glycoside hydrolase family 18 protein, 60S ribosomal protein L12, phosphatidylserine decarboxylase family protein, eukaryotic translation elongation factor 2, symbiosis regulated acidic polypeptide, hydrophobin-3 precursor, MFS transporter, argininosuccinate synthetase, cytochrome P450 and phosphatidylinositol synthase (Table 2 ). The Pt2-MPt17 SSH non-redundant sequences we annotated and described were deposited in the GenBank database (Benson et al. 2013) under the accession numbers KC954279-KC954281 and KC962125-KC962150.
The 147 sequences were assigned to potential functional categories using GO. Non-redundant sequences in the SSH library were classified into the three principal GO categories: cellular component, molecular function, and biological process (Fig. 2) . The classification for cellular component was sub-grouped to 6 subcategories ( Fig. 2a) , in which the subcategories of organelle and cell part were present at a higher percentage in the SSH library, except the subcategory of unknown. The molecular function includes 5 subcategories (Fig. 2b) . The ECM fungus Pi. tinctorius Pt2 treated with the exudates of the MHB B. reuszeri MPt17 expressed more transcripts in the 3 subcategories of catalytic activity, enzyme regulator activity and binding than the control. The classification for biological process was divided into 6 subcategories (Fig. 2c) . Of the 6 subcategories under biological process, the subcategory of mycelium development was present at the highest percentage in the SSH library. 
Gene expression analysis
To validate the gene expression, 12 sequences annotated as mycelium development function and 3 hypothetical symbiosis-related genes in the SSH library were selected and assayed using qRT-PCR (Table 3) . Among 12 sequences with mycelium development function, 3 were up-regulated and 9 were downregulated. The expression of the 3 hypothetical symbiosis-related genes were all up-regulated in the MHB B. reuszeri MPt17 exudates treated Pt2 (Fig. 3) . The expression of PtBrS054 coding for a symbiosis regulated acidic polypeptide was up-regulated with the biggest raise and highly expressed by 4.1-fold in the MHB B. reuszeri MPt17 exudates treated Pt2 compared to the control (Fig. 3) .
Discussion
Although some of the interaction mechanisms operating between a fungus and a bacterium have been deciphered (Bonfante & Anca 2009) , there is still much to do when the level of complexity increases and plants are considered as the third, an essential component of the network. In the field of research about MHBmycorrhizal fungi interaction, an open question always remains about the exudates of bacteria provoking the growth of certain mycorrhizal fungi (Schrey et al. 2005; Varma 2008 ). In the present study, the results showed that the dry weight of Pt2 mycelia growing with MPt17 exudates was increased by 16.8% (Fig. 1 ) and the promoting effect was significant (P<0.05). This indicates that the exudates of MHB played an important role acting as a growth helper.
Much research has been focused on the interactions between ECM fungi and MHB, however, the molecular mechanisms of interaction still remain unknown (Schrey et al. 2005; Deveau et al. 2007 ). Schrey et al. (2005) studied the A. muscaria-Streptomyces interaction by the SSH method, in which some responsive fungal genes involving in signalling pathways, metabolism, cell structure, and the cell growth response have been studied. Moreover, Deveau et al. (2007) have studied interaction between MHB P. fluorescens BBc6R8 and L. bicolor S238N at the transcriptome level, in which genes involving in recognition processes and transcription reg- ulation as well as genes encoding proteins of primary metabolism have been elucidated. However, no differentially expressed genes involving in hyphal development and symbiosis-relation have been studied. In the present study, 12 sequences from the MPt17-Pt2 SSH library, which annotated as mycelium development function through GO categories (Table 3) were obtained. BLASTX homology search revealed 12 genes encoding different proteins, such as 60S ribosomal protein L35 (PtBrS016), mitochondrial carrier protein (PtBrS037) and ATP synthase subunit β (PtBrS096). Three hypothetical symbiosis-related genes encoding symbiosis regulated acidic polypeptide (PtBrS008, PtBrS054 and PtBrS105) have been identified in the constructed SSH library. The symbiosis-regulated acidic polypeptides were first described by Laurent et al. (1999) and named as SRAPs. They function as cell surface proteins involved in Eucalyptus globules-Pi. tinctorius ectomycorrhiza interaction. SRAPs may form part of a cell-cell adhesion system needed for aggregation of hyphae in ectomycorrhizae (Laurent et al. 1999 ). All of the 3 SRAPs in our study were up-regulated when Pi. tinctorius Pt2 interacts with the exudates of MHB B. reuszeri MPt17, and the expression of PtBrS054 was with the biggest raise and highly up-regulated by 4.1-fold in the MHB B. reuszeri MPt17 exudates treated Pt2 compared to the control. Therefore, there might be a substrate in the exudates triggered this phenomenon. These results provide some evidence that MHB could significantly alter the symbiosis-related protein synthesis of ECM fungus and support the hypothesis that the MHB played their helper role was due to their promotion on fungal mycelia. Due to the insufficient research on functional genes and unclear function of many sequences, further investigations are still needed.
To interpret the molecular mechanisms between mycorrhizal fungi and MHB, a major challenge is to analyze the fungus-bacterium relationships at the cell-cell interface associated with the expression of related genes. Auxofuran, a novel metabolite (Riedlinger et al. 2006 ) and bacterial thiamine (Deveau et al. 2010) produced by the MHB were isolated and proven to stimulate the survival and growth of the ECM fungi. More studies should be conducted to isolate effector molecules from the MHB and linke the effector molecules with related functional genes.
